Introduction: The villous tree of human placentas is a complex three-dimensional (3D) structure which enables fetomaternal exchange. Current concepts of microscopic analyses are based on the analysis of two-dimensional (2D) histologic sections. For this approach, the assessment of the stromal core of sectioned villi is of key importance. The classification of stromal properties of sectioned villi allows allocation of villous sections to villous types which are named by their expected position in villous trees (terminal, intermediate, and stem villi). Method: The present study takes these current concepts of placental histology as hypothesis and validates them against predetermined 3D positions of branches of villous trees. The 3D positions were determined prior to histologic sectioning using a recently introduced 3D-microscopic approach. Individual histologic sections of villi were classified by their stromal structures and inter rater variability of these histologic assessments were determined. Results/disscussion: Inter rater variability was high and indicates substantial observer influence on the outcome of histologic assessments. Cross-match of villous types with the predetermined positions of villous branches of villous trees revealed substantial mismatch between the outcome of stromal classification and 3D-position of the sectioned villi in the placental villous trees.
Introduction
The villous tree of the human placenta is of key importance for pre-and postnatal health [1] . The concepts that are believed to underpin development of the placental villous tree influence planning, design and conduct of both basic and clinically applied research projects [1e7] .
Infarction, infection, inflammation and malignant or premalignant disturbances of placental tissues are routinely diagnosed by the pathologist, as in many other organs. However, pathological assessment of the villous tree is especially challenging due to rapid developmental changes. Mismatches between the developmental stage of the villous tree and gestational age and/or deviations from the normal developmental pathways of the villous tree have functional impact [1] .
The present study focuses on the formal quality of histologic interpretation of the structure of the villous tree. How reliable and reproducible are such procedures, which rely on identification of various parts of the villous tree histologically? To what degree is this interpretation process observer dependent?
The current concepts of histological identification of (sub-) structures of the villous tree of the human placenta evolved towards the end of the last century. They are mainly based on the comparison of routine wax-embedded or semi-thin histologic sections with scanning electron microscopic pictures of comparable, but not identical, regions of the villous tree [8e11]. These concepts make use of the villous vasculature and stromal elements which become visible by histologic sectioning. The trophoblast, by contrast, is largely neglected. The present study will thus use the term "stromal classification" for the current histologic nomenclature. Using stromal classification, villous types were defined and the maturation of the stroma was used to identify developmental relationships (e.g. immature intermediate villi representing precursors of stem villi) between the villous types. Stromal classification is also the basis for access to three-dimensional ordering of branches of the villous tree. This was originally established by two subsequent steps [8e11]:
1) The villous types of the stromal classification were matched to scanning electron microscopic pictures that allowed a 3D view of the villous tree. Matching was qualitative and necessarily indirect since histologic sectioning and scanning electron microscopy are incompatible methods. 2) The villous types were allocated to specific positions of the villous tree as outlined by their names (e.g. terminal, intermediate, or stem villi). Stem villi represent the supporting framework of the villous tree and are characterized by a dense fibrous stroma. After several generations of branching they give rise to intermediate villi, from which the majority of terminal villi, the principal functional units for exchange, arise. The stromal core undergoes a progressive transformation along this pathway, with a reduction in fibrous tissue and a transition from arteries, to arterioles and finally to capillary plexuses.
Currently the linkage of stromal classification (two-dimensional (2D)) with positional nomenclature (three-dimensional (3D)) is a key strategy by which 2D-histologic analysis of the villous tree gains insight into villous 3D structure and developmental status.
In the present study, we take the above mentioned linkage strategies as hypotheses (aec): a) Examiners skilled in microscopic anatomy are able to allocate cross-sectional profiles of peripheral villi to the histologic types of terminal villus, intermediate villus, or small stem villus with little or no inter-observer variability. b) The majority of terminal ends of branches of the villous tree of the term human placenta will be classified as being of the histological type "terminal villus". c) Intermediate and small peripheral stem villi rarely occur in a terminal position of the villous tree.
To test these hypotheses, we used a recently introduced 3D microscopic approach by which we were able to determine 3D positions of branches of isolated peripheral villous trees [12] without sectioning.
None of the hypotheses (aec) could be confirmed. The impact of these findings on comparability, reproducibility, and sensitivity of histologic examinations of the developmental status of villous trees of the human placentas at birth is discussed.
Materials and methods

Pre-existing 3D data
The present study used five isolated placental villous trees, selected randomly from an existing collection of 50 preparations of isolated placental villous trees. Details on these villous trees were published elsewhere and are included herein by Ref. [12] and Table S1 . All villous trees have been analyzed in 3D using high-end brightfield microscopy and quantitative analysis using the software, Neurolucida (MBF Bioscience, Williston, VT, USA). The available datasets contained nodes and the hierarchical position of each branch of the villous trees classified by its distance to the terminal end (bT0 ¼ branch at the terminal (bT) end, bT1 ¼ branch being one node away from the nearest terminal end, and bT2 ¼ branch being two nodes away from the nearest terminal end), as well as measures associated with these branches (lengths, diameters, branching angles, surfaces and volumes), and a full 3D visualization (3D-Lucida, Figs. 1, 2) of the outer contour of the investigated villous trees.
Embedding, serial sectioning and staining
The initial 3D analysis was performed on intact villous trees without standard histological sectioning [12] . Firstly, the cover slips of the five selected preparations were removed by placing the slides into pure xylene until the cover slip spontaneously fell off the concave slide. From here on, they were processed in small glass jars using a routine embedding protocol [13] . Briefly, the isolated villous trees were incubated in pure xylene (two times 90 min), then transferred to ethanol (100%, first time 90min, then 48 h, then 5 h) and from ethanol passed into pure propylene oxide (three times 30 min.). Araldite mixture (44.63 g) was prepared from Araldit CY-212 (22.75 g, Serva Electrophoresis, Heidelberg, Germany), dodecenylsuccinic anhydride (DDSA, 21 g; Serva), and 2,4,6-Tris(dimethylaminomethyl)phenol (0.875 g, Serva). The preparations were infiltrated by araldite mixture/propylene oxide (1/1 V/V) overnight, transferred into araldite mixture for 6.5 h and finally placed in embedding moulds filled with araldite mixture. The araldite mixture was polymerized at 60 C for 48 h.
Slides for mounting of serial sections were prepared by immersion in ethanol/ammonia (90 ml ethanol plus 10 ml ammonia) overnight, carefully washed and stored in bidistilled water until use. Blocks containing the isolated villous trees were oriented and trimmed to enable the formation of ribbons of serial sections [13] .
Motorized sectioning at 1 mm/section was performed such that ribbons of sections containing 30e90 sections per object slide (3e10 object slides per villous tree) could be collected on the prepared glass slides, oriented and dried at 60 C. The slides were stored at 70 C until staining. For staining, slides were warmed to 60 C and stained with 1% toluidine blue for 45s, washed with distilled water (3 times 5 min), dried on a drying plate at 60 C and mounted under a cover slip with DPX mountant. Tables containing the sequence and orientation of all sections on the slides were prepared and allowed allocation of serial numbers to the several hundred sections of each of the isolated villous trees.
2D virtual slides and 3D reconstruction
Each slide was transformed into a 2D digital (virtual) slide with a fully automated scanning microscope based on a M2 AxioImager (Zeiss, Goettingen, Germany) microscope equipped with a two-axis computer controlled stepping motor system (4 00 Â 3 00 XY), automated slide loader for 1 00 Â 3 00 glass slides with proScan III stage (Prior Scientific, Jena, Germany) and color digital camera (2/3 CCD chip 1,4 MP, 1388 Â 1049 pixel), and focus encoder. The whole system was controlled by the software, Stereo Investigator (MBF Bioscience). Each slide was scanned in the region of interest which was defined to contain all ribbons of sections using a 10Â objective. The viewing fields of the region of interest were stitched together by the software to deliver a single 2D virtual slide corresponding to its respective physical slide. In addition, a calibration slide with scale (mm) was scanned to enable later calibration of 3D reconstruction. The 2D virtual slides obtained were viewed in Biolucida viewer software (MBF Bioscience) and every 4th section was taken as a screenshot. These screenshots were confined to the outline of the desired section by loading each screenshot into Photoshop CS6 (Adobe, San Jose, CA, USA) software and manual outline and excision of the section area. The serial sections were then used for 3D reconstruction (3D-Recon, Figs isolated villous tree.
Histologic classification of sections
The branches of the villous trees were cross-matched between 3D-Lucida and 3D-Recon and corresponding branches were identified. The section numbers belonging to a cross-mateched branch in 3D-Recon were traced back to the original ribbons of sections on the slides. The individual sections identified by this back-tracing procedure were then photographed at high resolution using an Axiophot microscope (Axiophot with AxioCam HRc, Zeiss, Goettingen, Germany) with a 100Â objective under oil immersion ( Fig. 3) . These photographs were carefully chosen to be from internodal regions and as far away from the next node (branching point) of the villous tree as possible. A total of 165 microphotographs was taken for subsequent histologic examination. These 165 photographs belonged to a total of 95 branches which were identified by 3D-Lucida. Some of the 3D-Lucida branches were represented in this collection by different photographs taken at more than one level of a branch or by very similar, directly neighboring photographs. For those branches, one single photograph was selected randomly to become part of the diagnostic core collection. The diagnostic core collection (consisting of exactly 95 photographs with each photograph belonging to a single unique branch) was defined to give every branch the same weighting in the whole analysis; only those photographs belonging to the diagnostic core collection of 95 photographs were used for kappa-determination and for cross-tabulating of branches versus stromal classification. Besides the abovementioned core collection, an additional 70 photomicrographs were assessed by the examiners. These were either from longer branches of the villous trees (many in bT2) at different levels of the same branch (33 microphotographs), or were true duplicates of photomicrographs (n ¼ 37). These were used to assess variability of repetitive classification of the same branch (or photograph) by the examiners.
An additional 25 photomicrographs of internodal regions of branches in all positions were taken and presented to the examiners to decide on the presence or absence of sinusoidal capillaries as an interpretation task with reduced complexity. Similarly, a collection of 42 photomicrographs of node regions was established; nodes were not classified by the six examiners.
The total collection of 165 photographs was classified histologically by assessment of the stromal core of the villi. This was achieved by six morphologists (EH, BA, GJB, BH, JMS, CaSa) in two rounds (team A: EH, BA, JMS and team B: GJB, BH, CaSa) using a formalized task description. Team A was built from morphologists who were not specific experts with long-standing experience in placental morphology. Team A reflects a typical constellation of morphologists as could be found at many research institutions. Team B consisted of experts with long-standing experience in placental microscopic anatomy and pathology. All examiners obtained a copy of the original description of histological classification of human placental villi [10] to harmonize their assessments. This publication was chosen because it used peripheral parts of villous trees (obtained by aspiration with biopsy needles, without highcaliber stem villi). Similarly to the present study, this study [10] thus excluded high-caliber stem villi and focused on the lowcaliber small stem villi directly adjunct to the intermediate villi and terminal villi at the tips of the villous trees. Using this guideline, they individually and independently classified each photograph of a section into one of the three categories "terminal villus", "intermediate villus", or "stem villus" as e.g. depicted in Figs.S1, S2 and Table S2 of the reference publication [10] . Transitional categories were not allowed; only the absence of sufficient stromal tissue for assessment allowed allocation of the photograph to "nc", i.e. "not classifiable". These classifications were collected and the inter-observer variability (Fleiss Kappa) was calculated in Excel [14, 15] and rated on the scale provided by Landis and Koch [16] . Calculations of kappa were done for each team separately and across the assessments of all six examiners.
Each section was finally allocated to a villous category by a unanimous or majority vote deduced from the team-specific assessments (3 per team). Split votes (all three villous types identified by the three examiners of the team) were finally allocated to not classifiable (nc).
Results
Matching of branches identified in 3D-Lucida with corresponding branches of 3D-Recon was feasible ( Fig. 1 ) and 3D-Recon could reasonably serve as a section-index system. Sections were Semi-thin histologic sections showed a technical quality which enabled assessment of the stromal core to determine the villous type of the sectioned branches (see Fig. 3 , in Figs. S2eS4). The technical and morphological quality of the Araldit-embedded semithin sections reflected the formaldehyde-based fixation outcome and was at least comparable to the quality usually obtainable by formalin fixed and paraffin embedded samples (see Fig. S4 ).
Allocation of villous sections to villous types (terminal villi, intermediate villi, stem villi) by stromal classification was to a considerable degree observer dependent, as shown by the interobserver variability measure (Fleiss-kappa, see Table 1A ). This was observed despite the attempt to harmonize assessments by providing copies of the reference literature [10] as guidance to all examiners. According to the rating of kappa as a measure of interobserver variability by Landis and Koch [16] , the values of kappa for team A (0.294), team B (0.117), and overall (0.209) indicate substantial inter-observer variability. Landis and Koch classify scale values of 0 as "no agreement", 0e0.20 as "slight agreement", 0.21e0.40 as "fair agreement", 0.41e0.60 as "moderate agreement", 0.61e0.80 as "substantial agreement", and 0.81e1 as "perfect agreement". In this rating scheme, the inter-observer variability of the present study is at the edge of "slight agreement" to "fair agreement". The determination of absence/presence of sinusoidal capillaries in villi was slightly less observer dependent (kappa values are close to 0.35, see Table 1B ). None of the kappa values reached a level which can be classified as "moderate agreement".
Since each group of examiners had three members, unanimous or majority decisions on the final allocation of a villous type to each section could be achieved (see Table 1 ) in most of the examined microphotographs. A numerical overview on classification of sections by terminal distance of the sectioned branch (3D-Lucida) or, by stromal classification, or the criterion of presence/absence of sinusoidal capillaries is given in Table 2AeE (extended version see Table S3 ). Matching of each section (stromal classification) with the corresponding branch (branch position) allowed cross-table analysis of stromal classification versus matched 3D positions ( Table 3 (extended version see Table S4 ) and Fig. 3, Fig. S2 ). Especially at position bT0, but also in bT1 and bT2, there was unexpected and considerable mismatch between the position usually associated with 2D histological types ("terminal", "intermediate"; see also Table 3 and Table S2 ) and the actual 3D position of the corresponding branch. Dendrograms of each villous tree with all branches, the 95 microphotographs of the core collection and the 25 microphotographs used for assessment of sinusoidal capillaries are documented in the online Supplementary file (SFile 1). The online supplementary file simultaneously indicates for each of these microphotographs the position of the section in the dendrogram of the villous tree and the outcome of assessment by the examiners (SFile 1). The mismatch of the results could be observed in both teams and was Table 1 The table summarizes the data on inter-rater variability. Kappa values of inter-rater variability calculated from the results of visual assessment of photomicrographs of various parts of the villous tree of human placentas by two teams of observers (Team A: morphologists, non-experts of the human placenta; Team B: morphologists, experts of the human placenta). The data were determined separately for each of the two teams of examiners (Team A, Team B) and for all examiners (All). Generally, the higher the kappa value, the higher the agreement between the examiners. (Table 2 and Fig. 3 ). Only about 6 out of 10 of branches bT0 were classified as terminal villi by means of histological analysis (for details see Table 3 ). Also less than half of the villous cross-sections which were classified as intermediate villi actually were in terminal positions (bT0) (for details see Table 3 ). On the other hand, villi were histologically classified as terminal villi, but were not in a terminal position of the villous tree (Table 3 and Fig. 3, Fig. S4 ). The classifications of the 70 photomicrographs outside the core collection are shown in Table 4 . Besides villi, also nodes (N ¼ 42) were localized in 3D-Lucida and 3D-Recon and sections of node regions were identified and photographed. Sections of nodes were not presented to the examiners since there is no concept for histologic classification of nodes. Typical histologic appearances of nodes are exemplified by a collection of photomicrographs in Fig. S3 . Syncytial bridges, high amount of stroma and capillaries, and tangentially sectioned areas are visible. Without the 3D information being available in the present study, many of the structures shown in Fig. S3 would be histologically indistinguishable from villous cross sections and would thus potentially e and inappropriately -be treated as villous cross sections and allocated to villous types.
Discussion
The present study shows that the isolated peripheral villous trees contained branches which were two nodes apart from the nearest terminal end. A distance of two nodes provides topologic evidence that stem villi (adjunct to penultimate intermediate villi and ultimate terminal villi) were present. The quantitative data of the present study closely correspond to the morphometric data determined for such stem villi [10, 11] . High-caliber stem villi as described in sections of whole placental tissue (see, e.g. Ref. [17] ) were not present in the samples of the present study.
2D histologic classification e stromal classification e of villous sections is observer dependent
Though the examiners had guidelines and the same photographs, inter-observer variability only reached the level of a "fair agreement" and was below the values above 0.6 which would signal "substantial agreement" or "perfect agreement" [14e16]. While the stromal classification of villous types is a very complex histologic evaluation, the presence/absence of sinusoidal capillaries just picks one single histologic aspect of villous interpretation. Even this task revealed considerable inter-observer variability. Low kappa values could e.g. be due to issues with specimen preparation, lack of training slides, lack of data dictionary, and the assumption that internodal sectioning would be sufficient to ensure that we were not looking at a transitional zone between two villous types, etc. Since the values were low in both examiner groups at different levels of experience and the original description of villous types was provided to all examiners it is more likely that the target description itself is not uniform and precise enough.
The considerable degree of inter-observer variability will cause substantial scatter in any quantitative study being based on such stromal classification. Developmental identification using stromal classification of histologic sections will tend to have a bad signal to noise ratio. Only dramatic changes [18] due to extreme clinical circumstances will be reliably detectable. . The concept has proven very attractive, because it transforms 2D histologic analysis into an indirect 3D analysis; archived morphological material is available in many laboratories and may serve as a resource for studies. The data obtained in the present study do not confirm the positional/histological linkage which is suggested by the positional nomenclature ( Table 3 ). One of the main outcomes of the present study is that the real 3D structure (3D-Lucida) of the villous trees differed substantially from the virtual 3D structure of the same villous trees as deduced from stromal classification.
Moreover, the photographs presented to the examiners were taken from free branches as far away from the next node as feasible. As shown in Fig. S3 , the appearance of nodes in 2D (without the 3Dinformations used in the present study) cannot easily be differentiated from sectioned free internodal segments of a branch [18] . A histological section of a placenta will thus simultaneously show many villous sections stochastically combined with sections through nodes of numerous villous trees. However, it will neither disclose their real 3D position nor their nature of being a section between nodes or through a node [8,9,19e22] . In "real" situations scatter will thus even be higher than measured in the "experimental" situation of the present study. The magnitude of this problem is substantial. Table S3 , in supplementary information, shows that branches in terminal or preterminal position (bT0, bT1) are roughly twice as long as their diameters. By a conservative statistical estimation, every third, but at least every fourth to fifth sectioned "villus" in 2D will then be a sectioned node. However, nodes were mentioned rarely in the literature of placental histology [10] . For nodes, there is no histologic classification at all; they are thus classified as if they would be free internodal branches, too. The present study shows for the first time that the occurrence of nodal sections in placental histology is qualitatively and quantitatively relevant.
The fact that nodes can complicate histological analysis was recognized earlier during discussions on the interpretation of syncytial nodes/bridges [19e23] . However, the issue of interpretation of syncytial nodes/bridges is possibly not more than a minor example of the likely substantial impact which nodal structures have on the interpretation of placental histology [20] .
Prospects of research
It is clear that there is no way to examine placental tissue by other means than histology e at least on a routine basis. It is also clear that the findings discussed above are disappointing.
The findings have implications for the quantitative assessment of the structure of the villous trees and the development of morphomics [24] . Design-based stereological techniques have been applied to the placenta in order to determine, for example, patterns of placental growth or to estimate its exchange capacity [3, 25] . Stereological analyses usually incorporate a hierarchical sampling procedure, during which the organ is broken down sequentially into its component parts [26] . The fineness of the sampling required depends on the research question being asked, but ultimately will be restricted by the ability to recognize reliably the objects in question. Thus, when assessing growth of the placenta across gestation, Jackson et al. [27] used the criteria of Kaufmann et al. [10] to identify the various villus subtypes. They found it impossible to distinguish between mature and immature villi using paraffin wax sections, and accepted that they may have also conflated some of the smaller stem villi and intermediate villi.
Nonetheless, they showed that the volume of terminal villi increases exponentially after approximately 20 weeks, whereas those of the intermediate villi and stem villi increase linearly at slower rates throughout pregnancy. In other situations researchers have not tried to make such fine distinctions, and indeed it may not be necessary. For example, the rate of diffusional exchange across the placenta is determined by the Fick equation, and so is proportional to the surface area of the villous membrane and inversely proportional to its thickness. Estimating these two parameters enables a morphometric diffusing capacity for the placenta to be calculated [25] , and comparisons to be made regarding functional capacity in different pathological states [3] . But what is the surface area that is physiologically important and should be estimated? Since stem villi contain few superficial capillaries they are unlikely to play a significant role in exchange, and should be considered part of the structural framework of the placenta. By contrast, intermediate and terminal villi are both well vascularized, and hence some studies have considered these together as the functional unit of the placenta for exchange [28, 29] . This approach is supported by the findings presented here. Thus, in the light of our results researchers aiming to quantify placental structure must reappraise whether Table 4 Summary of the assessment of photographs not belonging to the core collection. The photographs were assessed by all examiners which gives the total number of Assessments (Assessments (Total)). Some of the photographs were taken from one and the same branch at different levels (Photographs (same branch)), others were duplicate (Photographs (duplicate)). Terminal Distance of the respective branch was measured in nodes to the nearest terminal end and is given as bT0 (terminal position), bT1 (being one node from the nearest terminal end), and bT2 (being two nodes apart from the nearest terminal end). The times the respective photographs were allocated by the examiners to one of the villous types (Stromal classification) was counted and is given for terminal villi (TV), intermediate villi (IMV), and stem villi (SV). they can reliably identify the villus subtypes using routine histological sections, and either adopt more advanced techniques to do so or qualify their conclusions accordingly.
Besides basic histology there are other techniques available to differentiate between the various villous types e even if this will also not allow a positional but rather a functional description of the villous tree. One of these techniques is looking at specific marker proteins by immunohistochemistry/immunofluorescence. Looking at markers within the villous stroma, the use of respective differentiation markers of mesenchymal cells has been established to identify the differentiation status of immature intermediate villi moving towards stem villi. Here the use of cytoskeletal markers has proved to be useful in assessing the differentiation of mesenchymal cells towards myofibroblasts in placental stem villi [30] . At the same time there does not seem to be a single marker available that discriminates a terminal from a mature intermediate villus. HLA-G and various types of keratins can be used as markers identifying trophoblast subtypes but cannot discriminate between villous types [31, 32] . Also, proliferation and apoptosis markers have not been successful in differentiating between intermediate and terminal villi [33, 34] . Finally, markers for endothelial cells and vessels were used in pathological cases [18] or were used to identify vascular arrangements in terminal villi, even using 3D reconstruction [35] . However, so far there are no markers available to easily differentiate the various villous types in the human placenta.
Conclusion
This study has shown that the current gold standard of defining villous types is far from being optimal. Its stromal assessment of villous cores does not help in assigning the positional localization of villi. It does, however, classify the villous tree on a more morphological/functional level. Hence, following this study the current standard is still valid but needs to be used with caution.
